Abstract -Transverse-Flux Permanent Magnet machines provide substantial savings in the amount of active material. The Transverse-Flux Permanent Magnet Machine with Toothed Rotor also improves the manufacturability of the rotor parts. An analytical model is developed, based on equivalent magnetic circuits and lumped reluctances. An optimal machine design is derived, and a prototype is built and described.
Introduction
The principle of Transverse-Flux Permanent Magnet (TFPM) machines has been discussed in a number of publications [1] - [3] . TFPM machines mostly find their applications where high torque and low-to-medium rotational speed are required. The high torque/mass ratio makes TFPM machines an attractive solution to reduce the cost of active material in low-speed direct-drive applications, like wind turbine generators. However, if cost-competitiveness is an issue, not only TFPM machines must have a low mass of active material, but also must they be easy to produce.
In [4] , a TFPM machine with toothed rotor is derived. In this paper, a rotating machine is built, which uses the TFPM geometry with toothed rotor. The design is optimized for lowest cost/torque. The optimization is based on analytical models presented in the paper.
TFPM Machine with toothed rotor
In [4] , the TFPM machine with toothed rotor was described. The resulting machine configuration is shown in fig. 1 and fig. 2 .
The TFPM machine with toothed rotor has the following characteristics: a) permanent magnets in flux concentration, b) stator cores built with laminated steel, c) single-sided stator, d) location of each magnet in the rotor is independent from the sum of mechanical tolerances due to the other rotor pieces, e) magnet and flux concentrators can be built and inserted in the rotor structure using an automated process.
A. Production of flux-concentrating TFPM machines
Different authors have emphasized the advantages of TFPM machines, but also the difficulties of building them. If TFPM machines are to be produced in large quantities, the manufacturing process should be carefully investigated. The stator winding of most TFPM machines is very simple. However, other parts of past TFPM machines present important production difficulties. In fluxconcentrating configurations, the rotor construction can be substantially improved by using a toothed rotor structure. Such structure can be made from a stack of laminations, where each lamination is stamped individually from a die of alternating teeth and slots. This kind of arrangement is also comparable to the stator of conventional synchronous machines. The toothed laminations are shown in fig. 3 .
Each rotor pole can be assembled independently, outside the machine. Then each sub-assembly can be inserted into the toothed rotor structure, as shown in fig. 3 . For each pole, rotor sub-assemblies are formed by two magnets with opposite directions of magnetization, one flux concentrator and one insulating block. The insulating block prevents short-circuiting the magnet fluxes through the toothed structure. Also, the insulating block and the slot may be designed with a trapezoidal shape, offering a natural attachment for the rotor poles to the slots.
B. Use of laminations in the stator
The TFPM machine with toothed rotor allows laminated steel to be used in the stator parts, due to the planar flux circulation. Laminated steel gives better performances than powdered iron , as long as the magnetic flux travels parallel to the lamination planes. A very important difference between powdered iron and laminated steel is the specific iron losses. They are about seven (7) times lower in 0.35-mm thick laminated electric steel at 400 Hz [4] in the case of planar flux circulation. This point is of utmost importance in TFPM machines, where pole pitches are short and consequently electrical frequencies are rather high. In the unaligned position, the net flux linking the stator winding will be zero at no-load. However, the rotor poles will exchange flux through the stator core, in a direction perpendicular to the plane of the steel laminations. This will create higher losses, which may favor powdered iron for this particular case. This effect was not considered in the following analysis, and is open for further investigation.
C. Reducing leakage between the stator cores
One significant problem in single-sided TFPM stators is the stator leakage flux between the stator horseshoe and the core forming the return path. In the proposed structure, the problem is dealt with, by forming the return path into a trapezium and by shaping the horseshoe core with a leg and a foot. This reduces the area of flux leakage between the two stator cores.
The stator leakage flux can be reduced further, if the flux concentrators and magnets are made slightly longer than the rotor stack, as shown in fig. 2 . The length of the stator foot is made a little shorter than the flux concentrator, thus reducing the leakage area between the stator horseshoe and the stator trapezium. In that case, the flux concentrators are also used to carry the flux in the axial direction.
It must be noted that the toothed rotor structure has formed an additional leakage path between the stator horseshoe and the trapezoidal flux return when the stator cores face the teeth. This leakage path can be partly eliminated by reducing the rotor tooth height. A factor 3-4 between the air gap and the stator-tooth distance is generally sufficient to reduce the tooth leakage flux to negligible levels.
Modeling of the TFPM Machine with toothed rotor
A linear actuator was built in [4] , which demonstrates the ability of the TFPM machine with toothed rotor to produce tangential forces. However, this linear actuator was not an optimized design.
To optimize the design performance, an analytical model is developed in this section. From the analytical model, an optimization program can be developed and optimal designs may be obtained with less computational time than with 3-D finite element analysis methods (FEM).
The TFPM machine is essentially a single-phase machine. It is possible to turn it into a three-phase machine, by stacking three TFPM machines, and shifting their rotors by 120
o . The torque of a single-phase machine with salient poles can be expressed as:
where the no-load losses are neglected and where the noload voltage and phase current are assumed as sinusoidal. The stator inductance is assumed as varying sinusoidally with the electrical angle, between two values L a and L u .
Expression (1) is written as a function of the global electrical quantities E, I, L, f, Ω. We can also derive a similar expression for T, expressed on a per pole-pair basis:
A. Calculation of Φ pnl and R ap
In TFPM machines, the pole pitch is generally short. This makes the flux calculation difficult, due to the different leakage paths directed in all 3 dimensions. The leakage flux paths and main paths are shown in fig. 4 and fig. 5 .
An equivalent magnetic circuit may be derived from the leakage paths and main paths identified in fig. 4 
where
B. Calculation of R up
The magnetic circuit in the unaligned position is defined from the lumped reluctances shown in fig. 7 . The equivalent magnetic circuit in the unaligned position is shown in fig. 8 . 
D. Calculation of F smax
The torque of the TFPM machine can be predicted from (2), if the magnetomotive force F s fed into the stator winding is known. Since we are interested by the maximum available torque, we need to find F smax , the maximum value of F s . F smax is determined from the expression of the flux Φ ps (t) created by the armature reaction in the core of a salient TFPM machine, fed with a sinusoidal current. The total flux flowing in one stator core of the TFPM machine is the sum of the no-load flux per pole Φ pnl (t) and the flux Φ ps (t) created by the armature reaction:
The value of F smax is limited by the saturation flux density B Fesat in the stator core. The saturation flux is defined as:
To obtain F smax , we vary ω t by software between 0 and 2π, and set Φ ptot to its saturation flux Φ psat defined by (26). For each value of ω t, a value for F s is obtained by using (24) and (25). The lowest value of F s must be retained, provided that all other values will saturate the stator core. This is the value retained as F smax .
Optimization and design of a TFPM machine with toothed rotor
To identify the most suitable design, a computer program has been developed. The program uses the model described in the last section to predict the machine torque for each set of geometrical parameters. The program allows these geometrical parameters to vary within a certain range and identify the optimal design. In this case, the optimization criterion was cost/torque, where steel laminations, copper and powdered iron had been given a specific cost of 6 Euros/kg, and 40 Euros/kg for Nd-Fe-B permanent magnets.
For an airgap diameter of 46 cm and an airgap thickness of 1 mm, the optimal design has the following characteristics: width of flux concentrator = 6 mm, magnet thickness = 2 mm, thickness of insulating block = 5 mm, length of rotor poles = 48 mm, length of stator foot = 40 mm, height of magnets and flux concentrators (in the radial direction) = 12 mm, number of conductor turns = 27.
Using the optimization program, the best performances were obtained with large stator core cross-sections. This allows higher ampère-turns in the stator winding before saturating the stator cores. However, this also leads to high values of per-unit reactance. For example, a stator core width w sc of 10 mm would give the best torque performance (1100 Nm), but the power factor would be low due to a per-unit reactance of 2.6. If w sc is decreased to 4 mm, the per-unit reactance is decreased to lower values (1.1), at the expense of a torque performance 60% lower (468 Nm). In the design, a compromise was made between high torque performance and high power factor, by using a w sc of 8 mm.
A second compromise had to be made, concerning the tooth width w rc1 in the rotor toothed structure. In general, the shorter the tooth width, the higher the number of poles, and the higher the torque value. For this design, the torque/mass performance could be improved by 10% with a tooth width of 2 instead of 4 mm. However, for structural reasons, a tooth width of 4 mm was chosen. With a tooth width of 4 mm, the pole pitch τ p is 14 mm, and the number of pole pairs p is 52 per phase. The mass of active material is 68 kg/phase, and the nominal torque rating is 1000 Nm/phase. The maximum mmf F smax is 2746 A-t, the noload flux Φ pnl is 267 µWb/pole pair, the reluctances seen by the winding in the aligned (R ap ) and unaligned (R up ) positions are respectively 5.4 A-t/µWb and 4.6 A-t/µWb per pole pair.
In all calculations, the following values were used: J = 4.0 A/mm 2 , k sfill = 0.5, B r = 1.10 T, µ rFe = 2000, µ rm = 1.09, B FEsat = 1.8 T, N = 100 rpm.
A. Sensitivity of machine performances to air gap thickness
If the geometry described above is used and only the air gap thickness is allowed to vary, fig. 9 shows the decrease of nominal torque and increase in per unit reactance for an increasing air gap thickness, as predicted from the model. As pointed out in [5] , the performances of TFPM machines with flux-concentration are very much dependent upon the airgap thickness. This is also the case with the TFPM machine with toothed rotor. Consequently, an airgap of 1 mm was used in the prototype described in the next section. Fig. 9 . Sensitivity of machine performance to airgap thickness (square = p.u. stator reactance, dot = nominal torque).
Experiments on a rotating TFPM machine with toothed rotor
The TFPM machine with toothed rotor was built, according to the design specifications obtained in the last section. Fig. 10 shows the stator of the 3-phase machine, before the winding process. As can be seen from fig. 10 , the winding process is easy. Fig. 11 shows the machine with the stator fully mounted, and only one rotor phase mounted. Experiments could be carried out on one phase used as a generator. The no-load waveform is shown in fig. 12 . The no-load flux per pole pair Φ pnl measured from fig. 12 is 272 µWb in the aligned position. The model predicted a value of 267 µWb, which shows very good agreement with measurements. Then, the machine was loaded with a resistor in series with a capacitor, to compensate the large stator reactance. Fig. 13 shows the voltage and current waveforms under loaded conditions. The maximum torque extracted from the machine was limited to 720 Nm, due to the non-linearity of the stator inductance. This limits the range where useful compensation can be achieved with capacitors. At high current values, the stator inductance decreases very fast due to the stator B(H) curve, and the load impedance becomes too high to extract higher power from the machine. In further experiments, the capacitive load will be replaced by a voltage-source inverter, which will enable a more flexible load control.
Conclusion
The TFPM machine with toothed rotor offers improved rotor construction. A model based on lumped reluctances and equivalent magnetic circuit was developed, which allows fast optimization. The lumped reluctances are approximations derived from linear regression analysis. Based on the equivalent magnetic circuit, the model described in this paper enables approximating the machine nominal torque. A TFPM machine with toothed rotor was built, which geometrical parameters were derived from the model-based optimization. The no-load flux could be successfully predicted with the model. Under load conditions, the peak torque could not be tested with capacitors and resistors. Only 72% of the maximum torque could be tested with the linear loads. A voltage-source inverter is required in order to push the stator core into the non-linear region of its B(H) curve, and then extract the maximum power. 
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